Nuclear protein factor type 1 (NPF-1) that
Initiation of DNA replication in the eukaryotic system may require specific DNA sequences (1) (2) (3) in addition to specific proteins of nuclear origin. The precise functions of these proteins in the initial steps of DNA synthesis are not known. The primase subunit, closely associated with DNA polymerase a, initiates RNA primers before any DNA chain initiation in mouse tumor cells (4, 5) , Drosophila (6, 7) , Xenopus laevis (8) , human KB cells (9) , yeast (10) (11) (12) (13) (14) , calf thymus (15, 16) , human IMR-32 neuroblastoma cells (17) , and embryonic chicken brain (54) . In addition to primase activity, multiple forms of DNA polymerases (18) (19) (20) (21) (22) (23) (24) from various eukaryotic sources appear to contain specific proteins (25) (26) (27) (28) . The DNA polymerase a isolated from different animal sources (25) appears to be homogeneous on native polyacrylamide gels. However, after denaturation and NaDodSO4/polyacrylamide gel electrophoresis, more than one polypeptide chain has been observed. In a system developed for the detection of DNA polymerase a activity in NaDodSO4/ polyacrylamide gels, more than one subunit appears to contain DNA chain elongation activity (29) , whereas the exact roles of the low molecular weight bands lacking chain elongation activity are not known. Closely related heavier subunits (125-150 kDa) in the DNA polymerase a complex may arise from the specific proteolysis of a high molecular weight subunit (30) , whereas subunits of intermediate (75-110 kDa) and low molecular weight are the products either of further proteolytic cleavage (30, 31, 55) or of different gene loci (32) . These small molecular weight proteins, noncovalently bound to the DNA polymerase complex, may play some regulatory rather than a direct catalytic role in the chain elongation process. Proteins isolated from rat liver (33) , HeLa cells (34) , calf thymus (35, 36) , Ehrlich ascites cells (37) , and mouse FM 3A cells (38) appear to stimulate DNA polymerase a activity in vitro when added exogenously. Reports from our laboratory (22) have described the isolation of three distinct forms of DNA polymerase a (a,, a2, and a3) from soluble extracts of cultured human neuroblastoma IMR-32 cells. When cells are treated with tunicamycin (3 ,ug/ml), only the activity of DNA polymerase a2 was reduced (39) . We have detected primase-mediated polymerase a activity in both polymerase a1 and a2 fractions (17) . We report here the characterization of the nuclear protein factor type 1 (NPF-1), isolated from liver chromatin of 6-month-old rats, that stimulates DNA chain initiation catalyzed by an IMR-32 polymerase aprimase complex.
MATERIALS AND METHODS
Reagents and DNAs. Synthetic poly(dC), poly(dT), and poly(dC-dT) were purchased from P-L Biochemicals. [ (41)]; and bovine serum albumin (100 ,g of protein per ml). The mixtures were incubated for 30 min at 37°C. The incubation mixtures were chilled at 4°C to stop the reaction, the 50-,l aliquots were spotted on DE 81 papers (3 x 2 cm). After air drying, the strips were dipped in 3% (wt/vol) Na2HPO4 (250 ml for 10-30 strips) and washed gently at room temperature. Four or five washes with 3% (wt/vol) Na2HPO4 were necessary to remove most of the unreacted radiolabeled nucleotide (10) . The strips were then washed twice with 250 ml of H20 and once with 95% ethanol (250 ml), dried in a microwave oven, and counted in a multichannel Beckman liquid scintillation counter, model LS-3801.
Assay for DNA-Unwinding Activity.
[3H]DNA from IMR-32 cells was isolated according to a modification of our method from cultured guinea pig tumor (104C1) cells (42) . DNAunwinding activity was studied using Si nuclease as described by Yoshida and Shimura (43 added to the mixture to make a final concentration of 50 mM, followed by the addition of S1 nuclease. After 30 min at 370C, the nuclease reaction was quenched by cooling at 40C and simultaneous addition of ice-cold 10% (wt/vol) trichloroacetic acid. The mixtures were kept at 40C for 30 min before centrifugation at 10,000 rpm for 10 min at 40C. The acidsoluble radioactivity was quantitated by spotting an aliquot of the supernatant on GF/C filters followed by counting in a toluene scintillation system. RESULTS Inactivation of Stimulatory Activity by Trypsin and Heat. The rate of DNA synthesis in vitro in the presence of NPF-1 was stimulated 3-fold (Table 1 ). The stimulatory activity was completely inhibited when the NPF-1 was first incubated with trypsin for 60 min. It appears from Table 1 that DNase II also inactivated the stimulatory activity of the NPF-1, but (Fig. 2) . To test the primase activity, we used three different ss DNA templates: poly(dC), poly(dC-dT), and M13. Primase activity (a,, a2, and a3) was stimulated 3-to 4-fold by NPF-1 with poly(dC) and 10-to 14-fold with poly(dC-dT), whereas IMR-32 DNA polymerase-primase complexes did not use M13 template very efficiently under the same reaction conditions (Table 2) . However, NPF-1 slightly (2-fold) stimulated M13 template-directed primase activity ( RNA polymerase II (38) . Incorporation of [32P]GMP into poly(dC) was also uninhibited in the presence of a-amanitin (0.4 mg/ml).
Characterization of Labeled Products Synthesized in the Coupled Primase-DNA Polymerase a Reaction. The reaction mixtures were incubated with poly(dC) and [a-32P]GTP in the absence and presence of dGTP. After denaturation and treatment ofthe radioactive product with DNase I, 67% ofthe polynucleotide product retained radioactivity (Table 3) . In contrast, 27% of the radioactivity (Table 3) turation, the reaction products were also subjected to electrophoresis in 20% polyacrylamide/7 M urea slab gels (Fig.  3) . There was almost complete loss ofradioactive bands from lanes 3 and 6 after treatment with 0.3 M KOH, whereas treatment with DNase I retained radioactivity (lanes 2 (Table  3) . These results strongly suggest that the DNA product of the reaction catalyzed by the IMR-32 primase-DNA polymerase a complex in the presence of NPF-1 using the poly(dC) template contains an RNA initiator.
Product Analysis by Alkaline Sucrose-Density-Gradient Sedimentation. The [3H]DNA products synthesized in the pres- 3 . Radioautograph of the polyacrylamide gel electrophoresis of products synthesized using poly(dC) as template. Lanes 1-3 and 4-6 were in the presence and absence of dGTP, respectively; reaction mixtures in lanes 2 and 5 were treated with DNase I for 2 hr; lanes 3 and 6, with 0.3 M KOH; and lanes 1 and 4 were controls. Electrophoresis (20% acrylamide/7% urea) was carried out for 1 hr at 1000 V with a constant current of 34 mA after preelectrophoresis of blank gel for 30 min. The wet gel was then subjected to radioautography with a DuPont Lightning Plus intensifying screen at -800C for 94 hr.
ence and absence of the stimulating factor (with and without NTPs) were analyzed by alkaline sucrose-gradient centrifugation (Fig. 4) . The radioactivity in the product increased 3-to 4-fold in the presence of NTPs and NPF-1. However, the distribution of radioactivity remained almost the same in tubes 6-16, indicating that the NPF-1 may not affect the length ofthe synthesized DNA. At the same time, the number of copies of newly synthesized RNA-initiated DNA chains appears to be increased.
Binding of 125I-Labeled NPF-1 to DNA. '25I-labeled NPF-1 (3.4 x 106 cpm/mg of NPF-1) was incubated with activated calf thymus DNA and IMR-32 DNA polymerase a2 separately and together. After centrifugation at 35,000 rpm for 18 hr on a 5-20% linear sucrose-density gradient, radioactivity was detected in a heavier band only in the tube containing the mixture of activated DNA, '25I-labeled NPF-1, and IMR-32 polymerase a2 (Fig. 5) .
DISCUSSION
During the last few years a more refined understanding of T4 double-stranded DNA replication (leading and lagging strands) has evolved, which uses a single protein complex consisting of at least seven bacteriophage T4 proteins (44, 45) . Some of these proteins-gene 41-encoded helicase, gene 32-encoded SSB (ss DNA binding protein), and gene 61-encoded oligonucleotide primer synthesis stimulator on the lagging strand-are all well characterized. In addition to these, three gene (42, 44 , and 62) products are well recognized as the accessory proteins ofT4 DNA polymerase coded by gene 61 (46) . All the accessory proteins ofEscherichia coli holoenzyme polymerase III have been purified and cloned (47) ; the a subunit (140 kDa) is the catalytic subunit, and the e subunit (27 kDa) has the 3',5'-exonuclease activity (47). Fig. 5 ) has not been demonstrated, nor has this protein been detected in the DNA replication. A helixdestabilization protein that binds to ss DNA has also been isolated from the cytoplasmic fluid by Wilson and coworkers (51). Goulian et al. (52) have purified a high molecular weight (200 kDa) protein (AF-1) from cultured mouse lymphoblasts (L-1210) that converts processively fd ss DNA to duplex circles. This factor (AF-1) has a stimulatory effect on the polymerase rather than on the primase. On the other hand, the NPF-1 reported here stimulates both polymerase a and primase activities. Our results show (Fig. 4) an increase in the quantity of 5' RNA-terminal DNA fragments (of the same sizes) in the presence of NPF-1 and NTPs, and there is no net increase in the size of the newly synthesized chains. A similar result has also been observed with AF-1 from a mouse lymphoblast system (52) . A primase-associated DNA polymerase a activity is induced in rat liver after partial hepatectomy (53) . It has been reported that the primase activity was not detectable with poly(dA) or poly(dG) but was active with poly(dT) or poly(dC), and that the activity toward poly(dC) increased with purification (53) . It is possible that the utilization of poly(dC) as template might be due either to the specificity of the primase-polymerase a complex (54, 55) or to the presence of a factor similar to NPF-1 reported here.
